The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. À19 km in diameter is independent of crater size, indicating that there is a limiting depth to impact-generated porosity, presumably from pore collapse associated with either overburden pressure or viscous flow. Impact-generated porosity of the bulk lunar crust is likely in a state of equilibrium for craters smaller than~30 km in diameter, consistent with an~8 km thick lunar megaregolith, whereas the gravity signature of larger craters is still preserved and provides new insight into the cratering record of even the oldest lunar surfaces.
Introduction
The high porosity of the lunar crust extends to at least 10-25 km in depth [Besserer et al., 2014] and perhaps into the Moon's upper mantle . Because the lunar highland crust has undergone little modification by processes other than impacts, it provides an ideal setting to investigate porosity in the crusts of terrestrial planetary bodies and serves as an analog to the crusts of Archean Earth and pre-Noachian Mars. Porosity affects permeability, surface area, and thermal conductivity of crustal and upper mantle rocks. Improved understanding of the spatial and temporal evolution of crustal porosity will provide insight into the chemical and mechanical reaction rates that drive many geological and ecological processes [e.g., Navarre-Sitchler and Brantley, 2007] and the thermal and chemical evolution [e.g., Warren and Rasmussen, 1987] of planetary bodies.
Although impact cratering is likely to have been the primary mechanism responsible for generating porosity in primordial planetary lithospheres, the relevant processes are poorly constrained. Impacts are believed to increase near-surface porosity by brecciation interior and exterior to the crater and porosity at depth by fracturing and dilatancy [Pilkington and Grieve, 1992; Alejano and Alonso, 2005; Collins, 2014] . Impacts are also thought to decrease crustal porosity through localized heating and compaction of the target rock [Melosh, 1989; Milbury et al., 2015] , but there have been no observations capable of constraining these effects at the scales of planetary impact craters. Previous investigations have been limited to gravity and seismic observations of terrestrial craters (which have been substantially modified by erosion), with no more than half a dozen examined in detail [Innes, 1961; Pohl et al., 1977; Pilkington and Grieve, 1992; Henkel et al., 2010] , and low-resolution gravity profiles of~100 lunar craters [Dvorak and Phillips, 1977 Key Points:
• The relation between impact-generated porosity and crater size is quantified • Impacts into highly porous targets result in positive gravity anomalies • The cratering record of the oldest lunar surfaces is preserved in the subsurface Supporting Information:
• Supporting Information S1 Here we present the first comprehensive analysis of impact-generated fracturing of an ancient planetary surface as a critical first step in understanding these processes.
Gravity Data
The Gravity Recovery and Interior Laboratory (GRAIL) mission has afforded unprecedented insight into the structure of the lithosphere of the Moon. From GRAIL data we may infer a porosity contrast between crustal material modified by the formation of an impact crater and the surrounding crust, under the assumption that the grain density of both materials is similar. For this work we used the JGGRAIL_900C9A gravity field [Konopliv et al., 2014] assembled at the Jet Propulsion Laboratory from GRAIL Primary and Extended Mission data and expanded in spherical harmonics to degree and order 900. To this field, we applied a Bouguer correction to remove the gravitational contribution of surface topography. Our Bouguer correction used the principal-axis-referenced solution for topography from the Lunar Orbiter Laser Altimeter (LOLA) and a uniform bulk crustal density of 2560 kg m À3 , though our results hold for variations in the mean bulk density consistent with current uncertainties (see supporting information). We then filtered this field to include data between degree and order 7 and degree and order 580, with a cosine taper applied between degrees 550 and 580. This maximum degree corresponds to a half-wavelength of 9 km. This Bouguer gravity anomaly field is shown in Figure S1 in the supporting information.
Lunar Highland Impact Craters
The craters selected for our study are from a catalog of~5200 craters [Head et al., 2010] identified from LOLA topography . We limited our investigation to a single morphological class of impact structures: complex craters (i.e., craters with terraced walls, a generally flat floor, and a central peak or peak ring). We set a lower diameter limit of 27 km, on the basis of the maximum observed size of simple (bowl shaped) craters on the Moon [Pike, 1988] . As our focus is on impact-generated porosity of the highland megaregolith, we excluded craters that are so large as to have interacted with the mantle during their formation. During the formation of a sufficiently large impact structure, mantle material is uplifted during collapse of the transient crater. The greater density of mantle relative to crustal material results in a central excess mass [Wieczorek and Phillips, 1999; Melosh et al., 2013; Miljković et al., 2013; Freed et al., 2014] , which dominates the structure's gravity signature, limiting our ability to infer information about porosity. We therefore set an upper diameter limit on the basis of the onset, with increasing diameter, of mantle uplift beneath the impact feature.
We used the gravity signature of this uplifted mantle to identify these structures and to exclude them from our analysis. We define the central Bouguer anomaly (BA central ) of an impact structure as the area-weighted mean Bouguer anomaly from the crater center to a radial distance of 0.2 R less the area-weighted mean Bouguer anomaly within an annulus that extends radially from 0.5 to 1.0 R, where R is the radius of the crater rim crest. In Figure 1 , we plot BA central as determined from GRAIL observations of highland impact structures, as a function of D, the diameter of the crater rim crest. We fit these data with a log linear two-slope model and applied Bayesian statistics, following the approach of Main et al. [1999] (see supporting information) to determine whether the data support a break in slope that would indicate the detection of uplifted mantle material. We determined that the onset of mantle uplift for impacts into the lunar highlands occurs at a diameter of 218 ± 17 km (all errors are 95% confidence limits; see supporting information for additional details).
On the basis of these results, we set 201 km (the lower uncertainty bound on onset diameter for mantle uplift in the highlands) as the uppermost diameter for the craters we used to investigate impact-generated 
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10.1002/2015GL065022 porosity. We also excluded craters on the rim of South Pole-Aitken basin, on the grounds that the structure of the crust beneath these craters differs from that beneath typical highland craters [Phillips et al., 2015] . We were left with 1185 highland craters for further analysis of crustal porosity. The locations of these craters are shown in Figure 2 .
Gravity Signatures of Impact Craters
The gravity anomalies associated with impact-generated porosity of terrestrial craters are observed to extend to, or in some cases slightly beyond, the crater rim crest [Pilkington and Grieve, 1992] . To constrain impactgenerated porosity for each of the craters in our study, we calculated a residual Bouguer anomaly (BA residual ), which we define as the area-weighted mean Bouguer anomaly interior to the crater rim less the mean Bouguer anomaly within a background annulus that extends radially from the outer flank of the rim [Pike, 1977] to a distance of 2 R from the crater center. Subtracting the background gravity anomaly isolates the gravity signature of the crater itself from regional variations in the gravity field, such as those introduced by large-scale variations in crustal density or thickness, and reduces bias in the data introduced by differences between the reference elevation of the gravity field and the elevations of the craters.
The background annulus includes the continuous ejecta deposit and, therefore, has the potential for biasing our results if there are measurable systematic trends in the Bouguer signature of crater ejecta deposits as a function of crater size. Selecting an annulus with an inner diameter farther from the crater would reduce this potential bias but would yield background measurements that are less precise and therefore noisier (i.e., our results would likely be more accurate but at the cost of precision). To determine whether our data are biased by our choice of a background region, we plotted the mean Bouguer anomaly measured in the background annulus as a function of crater diameter ( Figure S2 in the supporting information). No relation between D and the background BA measurement is observed. As a confirmation, we reanalyzed our data, as described below, with larger background annuli (in which the background annulus extended from 2.0 D to 2.5 D and 2.4 D to 3.0 D), and our results were unchanged.
Results
We examine the relation between BA residual and crater size in Figure 3 . The BA residual value of highland craters correlates inversely with D, up to a diameter of~100 km. BA residual is negative on average, implying that porosity beneath complex craters is generally higher than in the surrounding crust. Considerable variability, however, on the order of ±25 mGal about the mean, is observed. Some craters, in fact, exhibit positive BA residual values, suggesting that the bulk density of the underlying material is actually higher than that of the surrounding terrain. An apparent change in the relation between D and BA residual is observed at a crater diameter of~100 km. We fit these data to a two-slope model (see supporting information for details) and find that they support a statistically significant break in slope at a D of 93 þ47 À19 km. 
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We interpret the relation between BA residual and D for craters with D < 93 km to imply that larger impacts in this crater diameter range result in more extensive fracturing and dilatant bulking. Thus, the amount of impactgenerated pore space is expected to depend on parameter(s) of the impact (e.g., size, velocity, and/or angle). The BA residual value of craters with D > 93 km, in contrast, appears to be independent of D, implying that pore collapse from either viscous flow at high temperature or overburden pressure [Collins, 2014] has acted to remove, or prevented the formation of, impact-generated porosity at depths greater than some limiting value. We propose that this limiting depth corresponds to the discontinuity observed in the seismic velocity profile of the lunar crust at a depth of 20-25 km [Toksöz et al., 1974] . Terrestrial craters exhibit similar limits in Bouguer anomaly for craters larger than~20-30 km diameter, a result interpreted as evidence that lithostatic pressure closes pore space at depths greater than~8 km on Earth [Pilkington and Grieve, 1992] .
The observed BA residual value is likely to depend on the characteristics of the impact and target region (e.g., preimpact porosity, strength, density, and thermal gradient). The variability observed in BA residual at a given D likely reflects spatial and temporal variations in these properties. Postimpact modification (e.g., brecciation and infilling from subsequent impacts and magmatic intrusions) might also be important. Although impact parameters are weakly constrained, we can investigate the role of preimpact crustal properties by plotting BA residual against the porosity of the surrounding crust, measured as the area-weighted mean within the background annulus (Figure 4 ) of the porosity as derived from GRAIL data . We find that positive values of BA residual correlate with high porosity in the surrounding crust. This result supports the conclusions derived from recent modeling that impacts can reduce porosity if the preimpact target material is sufficiently porous [Scott and Wilson, 2005; Milbury et al., 2015] . The implication is that in the absence of other major processes (e.g., magmatism and large-scale impacts), and averaged over appropriate horizontal scales, the processes of porosity generation and compaction by impact will tend toward an equilibrium porosity that is, on average, uniform over large regions but may exhibit local fluctuations associated with freshly formed craters. The scatter about the best fit relation in Figure 4 , however, indicates that regional variations in porosity are unable to account for all of the variability in BA residual . Additional modeling to explore the effects of impact and target properties on the formation of impact-generated porosity, as well À19 km, which we attribute to a reduction in impact-generated porosity at depths greater than a limiting value. Dashed lines indicate the 95% confidence limits to this transition diameter. Figure 4 . BA residual versus the bulk porosity of the surrounding crust, derived from GRAIL observations and a grain density inferred from remote sensing , for the craters shown in Figure 2 . A direct relation between crater Bouguer anomaly and regional crustal porosity is observed (green line, with a slope of 1.6 ± 0.3 mGal per percent change in porosity), which indicates that impact-generated porosity depends on the porosity of the target material prior to impact. The best fit trend has a zero BA residual value at a regional crustal porosity of 15 ± 1%.
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as more detailed geological, geochemical, and geophysical analyses of individual craters, may provide additional insight.
We predict that craters that are in a state of equilibrium in porosity will have BA residual values near zero and will be independent of D. The generally negative Bouguer anomalies of complex impact craters in the lunar highlands (Figure 3) indicate that the highlands have not reached a state of saturation of impact-generated porosity for craters larger than~30 km in diameter. If the impact-generated porosity zone extends to depths similar to the transient crater depth (approximately one-fourth to one-third the final crater diameter), the results here suggest that the porosity of lunar highland crust is in an approximate steady state down to no more than~8 km depth, a result consistent with estimates of the thickness of the lunar megaregolith [Hörz et al., 1991] . As is demonstrated in Figure S3 in the supporting information, however, the choice of crustal density in the Bouguer correction can bias the BA residual values, so the precise diameter at which equilibrium is reached is uncertain.
The surface of the lunar highlands is thought to be in a state of areal saturation with respect to impact craters [Head et al., 2010] , whereby, on average, each new impact crater destroys a preexisting crater of comparable size [Hartmann, 1980; Richardson, 2009] . As a consequence, the size-frequency distribution of craters in the lunar highlands does not accurately reflect the local age of the highland crust. The subsurface structure of the highlands, however, is not in a state of porosity equilibrium and preserves a more complete record of the region's cumulative cratering history. Advances in crater modeling should allow the identification of the oldest areas of highland crust and possibly also permit the recovery of the cumulative cratering record of the highlands, including the record prior to the late heavy bombardment [Minton et al., 2015; Strom et al., 2015] .
